Marine viruses are major evolutionary and biogeochemical drivers in marine microbial foodwebs. However, an in-depth understanding of the cellular mechanisms and the signal transduction pathways mediating host-virus interactions during natural bloom dynamics has remained elusive. We used field-based mesocosms to examine the "arms race" between natural populations of the coccolithophore Emiliania huxleyi and its double-stranded DNA-containing coccolithoviruses (EhVs). Specifically, we examined the dynamics of EhV infection and its regulation of cell fate over the course of bloom development and demise using a diverse suite of molecular tools and in situ fluorescent staining to target different levels of subcellular resolution. We demonstrate the concomitant induction of reactive oxygen species, caspase-specific activity, metacaspase expression, and programmed cell death in response to the accumulation of virus-derived glycosphingolipids upon infection of natural E. huxleyi populations. These subcellular responses to viral infection simultaneously resulted in the enhanced production of transparent exopolymer particles, which can facilitate aggregation and stimulate carbon flux. Our results not only corroborate the critical role for glycosphingolipids and programmed cell death in regulating E. huxleyi-EhV interactions, but also elucidate promising molecular biomarkers and lipid-based proxies for phytoplankton host-virus interactions in natural systems. P hytoplankton are the basis of marine foodwebs and are responsible for nearly half the global primary production (1). Although they grow rapidly and form massive blooms in ocean surface waters, phytoplankton cell fate is regulated by a suite of abiotic (e.g., nutrients and light availability) and biotic (e.g., grazers and viruses) interactions. The coccolithophore Emiliania huxleyi (Prymnesiophyceae, haptophyte) is a cosmopolitan unicellular photoautotroph that plays a prominent role in the marine carbon cycle. Its intricate calcite coccoliths account for ∼1/3 of the total marine CaCO 3 production (2), and it is a key producer of dimethylsulfide, a bioactive gas that plays a significant role in climate regulation by enhancing cloud formation (3).
Marine viruses are major evolutionary and biogeochemical drivers in marine microbial foodwebs. However, an in-depth understanding of the cellular mechanisms and the signal transduction pathways mediating host-virus interactions during natural bloom dynamics has remained elusive. We used field-based mesocosms to examine the "arms race" between natural populations of the coccolithophore Emiliania huxleyi and its double-stranded DNA-containing coccolithoviruses (EhVs). Specifically, we examined the dynamics of EhV infection and its regulation of cell fate over the course of bloom development and demise using a diverse suite of molecular tools and in situ fluorescent staining to target different levels of subcellular resolution. We demonstrate the concomitant induction of reactive oxygen species, caspase-specific activity, metacaspase expression, and programmed cell death in response to the accumulation of virus-derived glycosphingolipids upon infection of natural E. huxleyi populations. These subcellular responses to viral infection simultaneously resulted in the enhanced production of transparent exopolymer particles, which can facilitate aggregation and stimulate carbon flux. Our results not only corroborate the critical role for glycosphingolipids and programmed cell death in regulating E. huxleyi-EhV interactions, but also elucidate promising molecular biomarkers and lipid-based proxies for phytoplankton host-virus interactions in natural systems. P hytoplankton are the basis of marine foodwebs and are responsible for nearly half the global primary production (1). Although they grow rapidly and form massive blooms in ocean surface waters, phytoplankton cell fate is regulated by a suite of abiotic (e.g., nutrients and light availability) and biotic (e.g., grazers and viruses) interactions. The coccolithophore Emiliania huxleyi (Prymnesiophyceae, haptophyte) is a cosmopolitan unicellular photoautotroph that plays a prominent role in the marine carbon cycle. Its intricate calcite coccoliths account for ∼1/3 of the total marine CaCO 3 production (2), and it is a key producer of dimethylsulfide, a bioactive gas that plays a significant role in climate regulation by enhancing cloud formation (3) .
E. huxleyi forms massive annual spring blooms in the North Atlantic that have been shown to be routinely terminated by lytic, giant, double-stranded, DNA-containing (dsDNA) coccolithoviruses (EhVs) (4, 5) . Viruses are the most abundant biological entities in aquatic environments and turn over more than a quarter of the photosynthetically fixed carbon, thereby fueling microbial foodwebs and short-circuiting carbon transfer to higher trophic levels and export to the deep sea (6, 7) . However, very little is known about the molecular mechanisms mediating phytoplankton host-virus interactions and the associated regulation of cell fate. Consequently, we lack cellular biomarkers to constrain and quantify active viral infection, and this hinders our understanding of the role of viruses and virusmediated processes in the oceans.
Coccolithoviruses use a sophisticated coevolutionary "arms race," centered on control of the programmed cell death (PCD) machinery, to mediate host-virus interactions. Lytic viral infection of E. huxleyi not only activates the PCD biochemical machinery, including metacaspase expression and caspase catalytic activity, but also actively recruits and requires them for successful viral replication (8) . It is reminiscent of the "Red Queen" dynamic (9) that drives plant-pathogen and animal-pathogen interactions (10, 11) and is facilitated by lateral gene transfer between host and virus (12, 13) . Genome analysis of E. huxleyi virus 86 (EhV86), the type strain for the Coccolithoviruses, revealed an unexpected suite of putative sphingolipid biosynthetic genes (14) , a pathway never before described in a viral genome and one that ostensibly derived from the host's sphingolipid biosynthetic pathway (13) . The EhV86 genome encodes an active serine palmitoyltransferase (SPT) (15) , which initiates and rate-limits de novo sphingolipid biosynthesis (16) , ultimately leading to ceramide production, a potent inducer of PCD in animals and plants (17, 18) . In turn, these ceramides are glycosylated, via yet-unknown mechanisms that are presumably derived from the host (19) , to yield viral glycosphingolipids (vGSLs). Importantly, vGSLs critically regulate host-virus interactions by inducing host PCD in noninfected cells and facilitating viral production (20) , potentially serving as a promising diagnostic biomarker for viral infection.
The recent discoveries of virus-induced PCD (8) and its lipid regulation (20) have yielded unprecedented mechanistic insight into this coevolutionary "arms race" between cultured strains of E. huxleyi and EhVs, but it is currently unknown whether these pathways regulate natural host-virus interactions among diverse E. huxleyi-EhV genotypes in the modern ocean. Likewise, although physiological and biochemical experiments and genomewide in silico analyses have collectively shown that an operational PCD molecular machinery was established early in the evolution of unicellular eukaryotic phytoplankton (21), the incidence and ecological relevance of PCD remain unknown in natural populations. Here, we interrogate host-virus interactions during a bloom and subsequent demise of natural coccolithophore and coccolithovirus assemblages using a specific suite of molecular, biochemical, and physiological stress and PCD biomarkers. Our analysis reveals a functional conservation of subcellular and molecular responses and modes of mortality in the face of considerable host-virus microdiversity, which regulate cell fate and can influence carbon export. We present an interrogation of natural phytoplankton host-virus interactions at subcellular levels of resolution and demonstrate PCD activation in natural populations. Our work provides a foundation for using diverse and diagnostic cellular markers to quantify and constrain the influence of viral infection in the sea.
Results and Discussion
We used mesocosm enclosures, deployed in Norwegian coastal waters, as an experimental platform to test our recent laboratorybased findings of a lipid-based and PCD-mediated arms race (22) on natural populations of E. huxleyi and EhVs. We focused specifically on the subcellular dynamics of E. huxleyi-EhV over the course of a bloom using a diverse suite of molecular tools that target different cellular processes. Mesocosms are an effective way to address fundamental questions around in situ host-virus dynamics of E. huxleyi and its associated dsDNA viruses (4, 23, 24) because they mimic the conditions of natural bloom succession with native host and viral genotypes. Annual spring E. huxleyi blooms occur in these Norwegian coastal waters (4) so the enclosures contained the representative pool of genotypes and biotic interactions.
E. huxleyi bloom dynamics consisted of three distinct phases: phase 1 (days 2-7), characterized by a lagged phase of low E. huxleyi abundance; phase 2 (days 7-13), characterized by exponential growth of the E. huxleyi population (peaking at 1.7 × 10 5 cells/mL in bag 3); and phase 3 (days [13] [14] [15] [16] [17] , representing the concomitant demise of E. huxleyi host cells and rise in EhV populations. The pattern of host-virus dynamics was generally similar in the three triplicate mesocosm enclosures, with notable differences in the timing of bloom initiation and infection ( Fig. 1 D-F) , perhaps indicative of subtle differences in the inoculum populations. Rapid cell loss was observed in all three enclosures from days 13-15 (phase 3) along with a concurrent exponential increase in EhV concentrations, indicative of virus-induced bloom termination. On the basis of flow cytometry data, the numerical contribution of other phytoplankton, such as nanoeukaryotes and Synechococcus, was relatively minor. E. huxleyi numerically dominated the total phytoplankton population up to the end of the mesocosm experiment, comprising an average of 74% and 66% across all three mesocosms during bloom (phase 2; days 7-13) and demise (phase 3; days 13-17) respectively. Signs of community succession started to appear at the end of the experiment, but, even on day 16, E. huxleyi still accounted for 48% of the total population, with the next largest contribution coming from Synechococcus at 21%.
To quantitatively attribute the observed host cell losses to EhV infection, we estimated the fraction of virus-induced mortality (VIM) using EhV concentration and EhV production as input data, along with published viral decay rates (0.4 d ) and viral burst sizes (500) from similar E. huxleyi blooms (4, 25) . VIM reached maxima values on days 15-16 in all bags ranging between 62-128% (Fig.  1F) . VIM in bag 5 was notably lower and more stable (50-62%) over this period, with delayed host demise and viral production, perhaps due to different biological interactions affecting mortality, such as release of antiviral infochemicals (26) , selective grazing on viral-infected cells (27) , or the development of a resistant haploid subpopulation (28) . Conversely, VIM in bags 1 and 3 showed a dramatic increase on days 15-16, with the latter slightly exceeding 100% total net mortality (128%), perhaps due to underestimates of cell mortality in the face of simultaneous E. huxleyi growth (4) . Given that maximum EhV abundance in these bags occurred on day 15 (Fig. 1E ), followed by a slow decline in EhV particles, we posit that our VIM calculations accurately reflect the infection dynamics. The consistent pattern of tight regulation of E. huxleyi bloom dynamics by EhV motivated us to "zoom" into the molecular nature of these host-virus interactions. Due to the notably different timing and scale of host-virus dynamics between the replicate mesocosms, we treated them independently for subsequent analyses.
A unique class of polar lipid molecules, glycosphingolipids, are central to the interactions between E. huxleyi and its EhV viruses in culture (20, 22) and may critically "lubricate" viral infection in natural systems. Indeed, host-specific glycosphingolipids (hGSLs), consisting of palmitoyl-based glycosphingolipids (29) , and viral glycosphingolipids (vGSLs), consisting of myristoyl-based glycosphingolipids, play important functional roles in the infection of E. huxleyi (20) . Using high-performance liquid chromatography/ electrospray ionization mass spectrometry (HPLC/ESI-MS) (30), we examined the abundances and chemical compositions of both hGSLs and vGSLs associated with resident E. huxleyi and EhV populations over the course of the mesocosm bloom and demise. The ability to sample at high time resolution and correlate our molecular data with a diverse array of biological and ecological parameters allowed us to substantiate our laboratory-based findings with an extensive dataset and put these lipids into a unique ecological context. In our mesocosms, we detected hGSLs, similar to those seen in healthy, uninfected E. huxleyi cultures and in the North Atlantic (20) , in all three triplicate enclosures throughout the bloom, with the relative hGSL content clearly tracing E. huxleyi cell abundances ( Fig. 2A; Figs. S1 and S2) and, thereby, serving as a specific proxy for healthy coccolithophore populations. The dominant hGSL species consisted of a C22:2 hydroxy fatty acid and a peculiar d19:3 long-chain base (Fig. S3) , which was also observed in our laboratory-based culture experiments. The occurrence of such an unusual sphingoid base has also been described in sphingomyelin from squid nerve and starfish spermatozoa (31, 32) , suggesting that these conjugated polyunsaturated, branched sphingoid bases play an important role in glycosphingolipid signaling in the marine environment.
The unique vGSL chemical signatures were also consistently detected within the triplicate mesocosms ( Fig. 2A; Figs. S1 and S2). Remarkably, as with the hGSLs, the distribution of vGSLs from these native populations of E. huxleyi and EhV genotypes in the mesocosms mirrored the major vGSLs detected in laboratorybased cultures (20) . Initial levels of vGSL were very low with induction on day 12 corresponding with the onset of E. huxleyi cell demise and tracing increases in both EhV abundance and VIM. Given the functional role of vGSLs in regulating host-virus interactions through pronounced increases in host E. huxelyi cells during the onset of lytic phase (20) , the observed vGSL induction can be attributed to the accumulation of infected cells before bloom demise. Furthermore, given that vGSLs are an integral component of virion membranes (20) , our dataset substantiates the possibility that vGSLs can serve as a lipid-based marker to trace EhVs and their subsequent fate during natural bloom succession in contemporary oceans, as well as in the distant past through preservation in ancient marine sediments (22, 33) .
Collectively, our detection of naturally occurring hGSL and vGSL chemical signatures corroborates the expression analysis of the two host and viral genes involved in the de novo sphingolipid biosynthetic pathway in the very same E. huxleyi mesocosm populations (34) . SPT, the first gene in the pathway that rate-limits de novo sphingolipid production, and dihydroceramide desaturase (DCD), the last gene in the pathway that produces ceramide, are present in both host and viral genomes (13, 14) . Viral SPT and DCD genes were strongly up-regulated (by one to two orders of magnitude) during the virus-induced bloom demise (phase 3), whereas the corresponding host gene homologs were suppressed (34) .
Elevated production of intra-and extracellular reactive oxygen species (ROS) during late lytic phase of infection of E. huxleyi cultures (35) suggests that virus-induced cell death is mediated by vGSL-induced intracellular ROS production (22) . ROS generation is a widely known cellular response to abiotic and biotic stress, which can induce PCD (36) . We used the fluorescent probe 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA) coupled with analytical flow cytometry to monitor ROS generation associated with host-virus interactions over the course of "bloom and bust" cycles in natural E. huxleyi communities. ROS clearly accumulated in E. huxleyi cells during bloom demise and concomitant increases in EhV abundance (phase 3; from day 14 onward); the mean fluorescence per E. huxleyi cell increased by a factor of 5-6 in enclosure 3 over this time period (Fig. 2B) , with similar increases observed in bags 1 and 5 (Figs. S1B and S2B). Notably, ROS staining was associated with the accumulation of EhVs, which is consistent with late-lytic-phase ROS production rather than with the early stages of infection. Similar dynamics were reported for infected E. huxleyi cultures, whereby ROS production was attributed to compromised photophysiology (35) .
ROS production may be required for viral replication in E. huxleyi by triggering metacaspase expression and caspase activity. Bidle and coworkers (8) demonstrated late-phase induction and active recruitment of host caspase activity by coccolithoviruses as part of their replication strategy; a subset of virally encoded proteins possessed internal caspase cleavage recognition sequences. We examined caspase-specific activity in cell extracts of natural mesocosm populations through the in vitro cleavage of the canonical fluorogenic tetrapeptide substrate (IETD-AFC) (Fig.  2C) . Induction of caspase-specific activity increased significantly with the onset of phase 3 (from day 14 onward), tracking viral productivity and host cell death, as indicated by the increased staining with SYTOX Green, a membrane integrity DNA-binding fluorescent stain (Fig. 2C) . Given that measurements of in vitro activity are derived from protein extracts encompassing all captured cells in the mixed microbial population, in addition to healthy and dying E. huxleyi microdiversity, the true catalytic activity of these enzymes during viral demise is likely underestimated.
Cellular caspase activation within the E. huxleyi population was independently assessed by direct staining with a fluorescein isothiocyanate (FITC) conjugate of the broad-spectrum caspase inhibitor, z-Val-Ala-Asp-fluoromethyl-ketone (z-VAD-FMK), and the flow cytometry VAD-FMK-FITC (CaspACE) freely diffuses into cells and irreversibly binds to activated caspases, thus serving as an in vivo marker. Plots of chlorophyll fluorescence versus FITC fluorescence (Fig. 3) confirmed high percentages of CaspACEpositive E. huxleyi subpopulations during the viral-induced demise phase (days 10-15): 55.6-75.9% of E. huxleyi cells were positively stained ( Fig. 3 ; quadrant Q2-1) with 9-to 20-fold higher FITC fluorescence per cell compared with unstained cells (Fig. 3 ; quadrant Q1-1). This corresponded remarkably well with ∼63% CaspACE-positive cells observed during late-phase EhV infection of E. huxleyi cultures compared with ∼3% at the time of infection (8) . Notably, vGSL production corresponded with induction of caspase activity, suggesting that it triggered the PCD biochemical cascade. These observations are consistent with findings that exogenous application of purified vGSL to uninfected E. huxleyi cells in a dose-dependent manner triggered cellular caspase activity and PCD, biomimicking viral infection (20) . ) and cell death (SYTOX staining; arbitrary units). (Inset) Metacaspase protein expression via immunoreactivity to polyclonal EhMC antisera; all lanes were run on the same gel, had identical exposure times, and are positioned to correspond with elapsed time on the x-axis. Bloom phases are indicated by thin vertical gray lines (P1, prebloom; P2, bloom; P3, crash/demise). RFU, relative fluorescence units.
We also assessed metacaspase expression with Western blot analysis using a polyclonal antibody raised against a purified E. huxleyi metacaspase (protein ID 440238). We detected immunoreactive proteins (Fig. 2C , Inset) of ∼36 and ∼42 kDa in natural E. huxleyi populations of all three enclosures during the course of bloom development, which showed remarkable similarities to EhV infection of E. huxleyi cultures (8) . These protein sizes correspond with the predicted molecular weights of several putatively annotated metacaspase proteins (36.8, 40.6, 41.1, and 45.2 kDa) in the Ehux1516 genome (http://genome.jgi-psf.org/ Emihu1/Emihu1.home.html), including the putative size for the aforementioned protein ID 440238 (36.8 kDa). In bags 3 and 5, we observed strong up-regulation of the 36-kDa metacaspase protein at the onset of bloom demise and EhV production (day 12). Similar dominance of these two metacaspase proteins was observed in cell extracts from bag 1 (Fig. S1 ), but here the induced expression of the 42-KDa protein best correlated with the onset of viral infection. Importantly, the timing and shift in metacaspase expression during host-virus dynamics corresponded with the induction of other stress and PCD cellular markers, supporting previous findings that metacaspase expression is linked to host-cell turnover and viral replication. Metacaspase expression has been shown to be diagnostic of successful viral infection of cultured sensitive and resistant E. huxleyi strains (8, 37), although they are likely not responsible for the observed caspase activities, given their altered substrate requirements (38) . Our research demonstrates in vivo caspase activation and induced metacaspase expression during natural phytoplankton bloom dynamics. We propose that they can be used as diagnostic biochemical markers to assess in situ physiological stress and PCD in field populations.
Under physiological stress, algal cells secrete dissolved polysaccharides (39) , which can accumulate and catalyze the formation of transparent exopolymer particles (TEP). Due to its surface-reactive nature, TEP production, in turn, facilitates the formation of large sinking aggregates (i.e., marine snow) and thereby serves as a mechanism to accelerate carbon export to deeper water (40) . Our observations of virus-induced subcellular stress and PCD markers in natural E. huxleyi blooms motivated us to explore its mechanistic link to TEP production in diatoms and cyanobacteria. There is a documented mechanistic coupling between impaired photosynthetic efficiency, oxidative stress, and caspase activation in phytoplankton with TEP production and associated cell-cell adhesion and vertical transport (41, 42) . Using the acidic polysaccharide-specific stain alcian blue coupled with microscopy and spectrophotometry, we visualized and quantified TEP production over the course of the E. huxleyi bloom. Cell-specific TEP production increased in bag 3 during virus-induced demise (Fig. 4) , closely corresponding with the induction of stress and PCD markers (i.e., caspase activity, ROS formation, and compromised membrane integrity) (Fig. 2) . Similar trends were generally observed for bags 1 and 5, although not to the same degree; relative cell-specific TEP production was higher at earlier time points in these bags (Figs. S1 and S2 ). Microscopic examination of samples exhibited E. huxleyi cells that were encased within larger sheathlike TEP particles (Fig. 4, Upper) . Our findings linking virus-induced mortality and TEP production during E. huxleyi bloom termination provide experimental support for previous modeling efforts (43) and may have important implications for the fate of both particulate organic carbon (POC) and particulate inorganic carbon (PIC). The contribution of viral infection to POC/PIC sinking flux is currently unknown, but the use of vGSLs as diagnostic markers of EhV infection now provides a framework to quantitatively address this issue.
Virus-induced TEP production may represent another intriguing "layer" in the chemical arms race between E. huxleyi and coccolithoviruses (22) . First, the accumulation of TEP and the associated changes in cell-surface stickiness and aggregation might provide E. huxleyi host cells with a protective mucilage layer against viral absorption and/or viral release. Indeed, ecosystem modeling of Phaeocystis globosa-PgV (another Prymnesiaophyte-Phycodnaviridae host-virus system) interactions during mesocosm experiments demonstrated that viral absorption to TEP, which was derived from disintegration of host colonies, significantly reduced the fraction of infectious viruses and subsequent host infection (44) . Second, the enhanced cell densities in aggregates may provide microhabitats favorable to cell-cell chemical signaling whereby effective infochemical threshold concentrations may be reached (45) . Purified vGSLs trigger a dose-dependent PCD response in uninfected E. huxleyi cells (20) and function as a bloom termination signal, perhaps as a viral exclusion strategy. Third, entrainment of EhVs in TEP may serve to effectively eliminate them from surface waters. A significant fraction of viral abundance has been observed with TEP, especially in water masses characterized by low renewal rates (46) . These ideas need to be substantiated with further research.
The transfer of a vGSL biosynthetic pathway into coccolithoviruses and its role in regulating induction and recruitment of host PCD machinery points to an elegant coevolution of host-virus interactions in the marine environment. The Red Queen hypothesis governing the evolution of host-parasite relationships (9) argues for an intense arms race between host and viral strains, whereby the former evade viral infection through mutations and development of resistance and the latter seek to maximize infectivity (47) . At the same time, viral infection of E. huxleyi induces transition to resistant haploid sexual stage cells in a "Cheshire cat" evasion strategy (48) . These intense evolutionary selection pressures serve to stimulate genetic diversity and coexistence of host and virus under diverse conditions (49) . An important outcome of this study is that the E. huxleyi subcellular response to viral infection (vGSL production, ROS accumulation, caspase activation, TEP production) is collectively conserved in the face of both community-wide genetic diversity and documented transition to haploid phases. Genetic variability was observed both in the calcium-binding protein (GPA) of E. huxleyi hosts and the major capsid protein of infectious EhVs during early and prebloom stages in the present mesocosm experiment (50) . Similar diversity has also been documented in previous mesocosm experiments (51) and in a coccolithophore bloom in the North Sea (52) . Furthermore, Combined CaCO 3 Optical Detection-Fluorescent in situ Hybridization (COD-FISH) along with haploid-specific transcript analysis documented the presence and dynamics of noncalcified haploid E. huxleyi cells in the very same mesocosm enclosures (28) . Haploid cell markers peaked during the phase 2 to phase 3 bloom transition, when host cell numbers declined due to viral demise. Haploid-specific gene expression was not detected after day 14, suggestive of syngamy into new diploid genotypes or transit abundance of haploid cells. Nonetheless, the dynamics of the diverse suite of lipid, subcellular stress, and PCD markers that we observed in this study were remarkably similar to those observed in EhV-infected cultures of individual sensitive strains (8, 20) . Our findings indicate that these cellular responses are conserved across the natural genetic diversity and ecological backdrop of E. huxleyi and EhV populations and serve to control bloom fate. Our findings demonstrate that PCD mechanistically mediates algal bloom termination in response to virus-induced infochemicals (e.g., vGSLs), consistent with viral exclusion as an evolutionary driver in unicellular organisms (21) and supportive of an ecological role in aquatic environments. Our results also demonstrate that the respective hGSL and vGSL productions not only critically regulate host-virus interactions, but also can function as unique lipid-based proxies to ecologically diagnose host-virus bloom dynamics and to assess the ecological and biogeochemical roles of coccolithoviruses in the oceans. ; 4 m deep and 2 m wide; 90% photosynthetically active radiation) mounted on floating frames and moored to a raft ( Fig. 1 B and C) (for details see ref. 53 ). The source water used for the mesocosm was obtained from the surrounding fjord. Nutrients were added daily to triplicate enclosures at a nitrogen:phosphorous ratio of 15:1 (1.5 μM NaNO 3 ; 0.1 μM KH 2 PO 4 ), as previously described (25) . Mixing was ensured by continuously pumping water from the bottom of each bag to the surface. Surface-water samples were collected daily at 6-h intervals (0600, 1200, 1800, and 2400 h) using 20-L carboys and immediately processed in the laboratory.
Cells were collected by gentle vacuum filtration onto 47-mm diameter, 0.8-μm pore-size, mixed cellulose ester filters (AAWP; Millipore) after prescreening with 100-μm pore-size Nitex mesh to remove microzooplankton grazers. Biomass collected on filters was scraped off with a clean razor blade into a sterile petri dish, resuspended in 0.2 μm of filtered seawater, and transferred to a sterile 1.5-mL microfuge tube. Cells were pelleted via centrifugation (2 min, maximum speed, room temperature), frozen immediately in liquid N 2 , and stored at -80°C until processing.
Virus-Induced Mortality. Viral-induced lysis was quantified by comparing the estimated number of host cells killed by viral lysis to the overall total net cell mortality, as previously described (4) . The number of E. huxleyi cells killed by viral lysis is estimated from the number of viruses produced over time (change in EhV abundance mL −1 ), the burst size (number of EhV released per lysed cell), and the estimated loss of EhV due to viral decay. Assuming no growth of E. huxleyi, the net total mortality of E. huxleyi cells during a defined time period can be estimated as the observed decrease in E. huxleyi abundance (cells per mL). Virus-induced mortality rates of E. huxleyi were estimated for the days of the experiment where a decrease in E. huxleyi cell abundance coincided with an increase in the abundance of EhV.
Measurement of Caspase Activity and Metacaspase Expression. Frozen cell pellets were resuspended in caspase activity buffer and sonicated on ice, and cellular debris was pelleted by centrifugation as previously described (8) . Cell extracts were incubated in triplicate with the canonical caspase-8 fluorogenic peptide substrate (Ile-Glu-Trp-Asp-7-amido-4-trifluoromethylcoumarin and IETD-AFC) (Calbiochem) at a final concentration of 50 μM. Kinetic analysis of substrate cleavage was performed over a 4-h period at 25°C with measurements taken at 10-min intervals using a Spectra Max Gemini XS plate reader (excitation 400 nm, emission 505 nm; Molecular Devices) and the SoftMax Pro-3.1.1 analysis program. Cleavage rates were normalized to protein, as determined by the BCA Protein Assay Kit (Pierce). In vivo caspase activity was assessed in E. huxleyi cells by direct staining with VAD-FMK-FITC (CaspACE; Promega). Cells were pelleted by centrifugation, washed once with PBS (pH 7.5), and resuspended in PBS before the addition of VAD-FMK-FITC (final concentration, 20 μM). Cells were stained for 20 min at 18°C in the dark, after which they were pelleted by centrifugation, washed once with PBS, fixed with 2% (vol/vol) formalin/PBS, and stored at 4°C until analyzed. Five thousand E. huxleyi cells were analyzed for the percentage of positively stained cells and the level of intensity of the staining at 520 nm using a FACSAria flow cytometer (BD Biosciences) equipped with an Octagon (488-nm) blue laser with standard filter set up. E. huxleyi cells were discriminated from other phytoplankton species on the basis of dot plots of side-scatter signal versus red (chlorophyll a) fluorescence signal (695/40).
Western Blot Analysis. Frozen pellets were resuspended in PBS containing protease inhibitor mixture (Sigma P2714), sonicated (as described above), and centrifuged (14,000 × g for 5 min at 4°C). Supernatants containing equal amounts of protein were loaded onto 12% (wt/vol) Criterion Tris·HCl polyacrylamide gels (Bio-Rad), subjected to SDS/PAGE (200 V; 1.5 h) and transferred onto PVDF membranes (100 V; 1 h). Membranes were probed using a polyclonal antisera raised against a purified, recombinant E. huxleyi metacaspase (EhMC) protein (titer = 1:500) as previously described (8), followed by polyclonal goat anti-rabbit IgG-HRP (Pierce; titer = 1:10,000). A horseradish peroxidase chemiluminescence system was used for detection (SuperSignal; Pierce) by exposing BioMax XAR film (Kodak) for 10-30 s.
Cell Death and ROS Production. Cell death was also determined by assaying the cell membrane integrity with SYTOX Green (Invitrogen). After 15 min of incubation with 1 μM SYTOX in the dark, cells were quantified by analysis of fresh samples on a FacScan flow cytometer (Becton Dickinson) equipped with a 15-mW laser exciting at 488 nm. Samples were analyzed at a high flow rate (∼70 μL min -1 ) with 500-8,000 E. huxleyi cells being counted for the analysis depending on the stage of the bloom. Intracellular ROS was measured by the fluorescent probe 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; Invitrogen; Ex 488 nm, Em 522 nm). The CM-H2DCFDA probe was stored in 50-μg aliquots at −20°C until use. Fresh 1-mM stock solutions were made up before use by dilution in ethanol, and a final CM-H2DCFDA concentration of 5 μM was used (35) . The average per cell green fluorescence of the E. huxleyi population was used as a relative measure of ROS compared with the control population.
Lipid Analysis. Five-liter water samples were collected and filtered on precombusted GF/F filters, which were snap-frozen in liquid nitrogen and stored at −80°C until processed. Lipids were extracted using a modified Bligh-Dyer method, as previously described (20) . Cellular polar membrane lipids were analyzed by HPLC/ESI-MS as described (54) using an Agilent 1100 HPLC and Thermo Finnigan LCQ Deca XP ion-trap mass spectrometer. Authentic glycosphingolipid standards (brain cerebrosides; Avanti Polar Lipids) were used for initial identification of retention times and to identify characteristic MS 2 and MS 3 fragmentation. These authentic standards were also used to construct standard curves for quantification. A subset of the samples was analyzed using identical HPLC and ESI conditions on a Thermo FTQ highresolution Fourier-transform ion cyclotron resonance mass spectrometer for confirmation of elemental formulas in glycosphingolipid molecular ions and MS 2 fragment ions.
TEP Measurements
Relative changes in TEPs were determined by using a spectrophotometric alcian blue staining technique (55) . Seawater samples were filtered on 0.4-μm polycarbonate filters, stained with a 0.02% (wt/vol) alcian blue solution, rinsed with distilled water, and immediately frozen. Triplicate filters were processed for each water sample. Filters were soaked in 80% (vol/vol) H 2 SO 4 for 2 h before measuring the absorbance at 787 nm. The filters were also prepared for light microscopy using a transfer-freeze technique whereby freshly stained filters were applied to a frozen microscope slide and peeled off. Intact TEP particles remaining on the slide were promptly fixed with gelatin. Slides were stored at 4°C.
